Epirubicin (EPI) was subjected to International Conference on Harmonization recommended forced degradation under the conditions of hydrolysis, oxidation, dry heat and photolysis to characterize its possible impurities and/or degradation products. The drug was found highly unstable to alkaline hydrolysis even at room temperature, unstable to acid hydrolysis at 80°C and to oxidation at room temperature. The hydrolytic and oxidative degradation products were resolved on an Agilent RP8 (150 mm × 4.6 mm; 5 µm) column with isocratic elution using mobile phase composed of ammonium formate (10 mM, pH 3.0), acetonitrile and methanol. The drug degraded to four oxidative products (O-I, O-II, O-III and O-IV) and to one acid hydrolyzed product (A-I). Purity of each peak in liquid chromatography-ultraviolet (LC-UV) chromatogram was ascertained through photodiode array (LC-PDA) analysis. The products were characterized through electrospray ionization-mass spectrometry (+ESI-MS n ) studies on EPI and liquid chromatography-time of flight mass spectrometry (LC-MS-TOF) studies on degraded drug solutions. The products, O-I-O-IV, were characterized as 2-hydroxy-8-desacetylepirubicin-8-hydroperoxide, 4-hydroxy-8-desacetylepirubicin-8-hydroperoxide, 8-desacetylepirubicin-8-hydroperoxide and 8-desacetylepirubicin, respectively, and product A-I was characterized as deglucosaminylepirubicin. While A-I was found to be a pharmacopoeial impurity, all oxidative products were found to be new degradation impurities. The mechanisms and pathways of degradation of EPI were discussed and outlined.
Introduction
Impurities are an inseparable component of a drug substance and a drug product. The drugs regulatory agencies such as United States Food and Drug Administration (US-FDA) and International Conference on Harmonization (ICH) have laid down very stringent guidelines for the control of impurities in drug substances and products (1) (2) (3) (4) (5) (6) . The drug products registration bodies in European Union (i.e., European Medicine Agency) and in many other countries follow the ICH guidelines to control the quality standards of drug products. ICH Q3A(R2) and Q3B(R2) guidelines specifically require identification of process-related as well as degradation-related impurities in any drug substance and product (3, 4) . Process-related impurities can be conveniently predicted and identified through knowledge of synthetic methods of the drug substance. But, identification of degradation-related impurities (degradation products) remains a major challenge because these arise from chemical susceptibility of the drug molecule to varied chemical environments experienced by the drug during product development, transportation and shelf life. Moreover, these degradation products are formed generally in minute amounts, which may not be enough to facilitate their characterization. Hence, the ICH Q1A (R2) guidelines have recommended the conduct of forced degradation study (stress testing) on drug substance under different chemical environments, so that all possible degradation products of the drug can be generated in appreciable amounts, and characterized (2) .
Epirubicin (EPI) is an anthracycline-based anticancer drug ( Figure 1 ) having a wide range of antineoplastic spectrum, low cardiotoxicity, less myelotoxicity and good therapeutic response (7, 8) . It is therapeu-gastric cancer, ovarian carcinoma, lung cancer and hepato-cellular carcinoma (9) . It is official in European and British Pharmacopoeia and is approved in 1999 by US-FDA (10, 11) . The BP monograph of EPI lists seven impurities (Imp A-Imp G, Figure 1 ) (11). Kumar et al. have characterized three degradation impurities in EPI hydrochloride injection formed during its stability studies (12) . Reports on forced degradation of EPI under different chemical conditions (hydrolysis, oxidation, dry heat and photolysis) are also available, but no attempt has been made to characterize the degradation products (13) (14) (15) (16) (17) (18) (19) (20) . An LC-ESI-MS method is also reported for determination of related substances in EPI (21) . Idarubicin, a structural analog of EPI, is found extensively susceptible to oxidative and hydrolytic degradation, and its oxidative products are found to be different from all its known impurities (22) . Based on the gross similarity in structures of idarubicin and EPI, the latter is also suspected to degrade to products, which may be different from its known impurities. Hence, the objectives of this study are to (i) conduct comprehensive forced degradation study on EPI under the ICH Q1A(R2) prescribed conditions of hydrolysis, photolysis, dry heat and oxidation to identify all possible degradation products; (ii) characterize the degradation products through spectral and/or LC-MS-TOF studies and (iii) establish its degradation pathways and intrinsic stability characteristics. EPI has been found to remain stable to photolytic and thermal degradation whereas it undergoes extensive degradation in alkaline media. One acidic hydrolytic and four oxidative degradation products have been identified in the study. While the acid hydrolyzed product is found to be a known impurity, all oxidative products were found to be novel and are not reported in theliterature so far.
Experimental

Drug and chemicals
EPI was procured as gift sample from Strides Arcolabs Pvt. Ltd. (Bangaluru, India) and used without further purification. Sodium hydroxide (NaOH), hydrochloric acid (HCl), hydrogen peroxide (H 2 O 2 , Figure 1 . Structures of epirubicin (EPI) and its known impurities. 30%) and ammonium formate were purchased from Loba Chemical Pvt. Ltd. (Mumbai, India). Methanol, formic acid and acetonitrile (all HPLC grade) were purchased from Merck Specialist Pvt. Ltd. (Mumbai, India). HPLC grade water was obtained from Direct Ultra water purification system (Bio-Age Equipment and Services, SAS Nagar, India) in the laboratory.
Equipment
Hydrolytic and thermal forced degradations were carried out using a high precision water bath and hot air oven equipped with digital temperature control capable of controlling temperature within range of ±1 and ±2°C, respectively (Narang Scientific Works, New Delhi, India). Photodegradation was carried out in a photo stability chamber (KBF 240; WTB Binder, Tuttlingen, Germany) capable of controlling temperature and relative humidity (RH) within a range of ±2 and ±5% RH, respectively. The chamber was equipped with an illumination bank made up of light source as described in Option 2 in the ICH guideline Q1B (23) . The chamber was set at a temperature of 25°C and RH of 55%. The forced degradation samples were analyzed on a Waters HPLC system consisting of binary pumps (515), dual wavelength detector (2487) and Rheodyne manual injector (Milford, MA, USA). The data were acquired and processed in Empower 2 software. The chromatographic separations were achieved on an Agilent C8 (150 mm × 4.6 mm, 5 µm) column. The mobile phase was degassed using ultrasonic bath (570/H ELMA, Germany). LC-PDA analyses were performed on Waters binary HPLC system (Milford, MA, USA) equipped with an auto injector (2707) and a PDA detector (2998). Multistage mass spectral studies (MS n ) on EPI were carried out using positive mode of electrospray ionization (+ESI) on a LTQ-XL ion trap quadrupole mass spectrometer (Thermo Scientific, Germany). LC-MS-TOF studies were carried out in +ESI mode on a micrOTOF-Q11 mass spectrometer (Bruker Daltonics GmbH, Germany), which was controlled by micro TOF control software ver. 3.1) software. Column used for the LC-MS study was the same as that for the LC-UV study. A splitter was placed before the mass detector, allowing entry of only 35% of the eluent.
Forced degradation study
The hydrolytic degradation studies on EPI were carried out in water, 0.1 M NaOH and 0.1 M HCl at 80°C for 8 h. The alkaline hydrolytic degradation study was also carried out in 0.1 and 0.01 M NaOH at 80°C for 4 h and in 0.01 M NaOH at 40°C as well as at room temperature for 2 h. For oxidative degradation, about 0.1 g of EPI was dispersed in 100 mL of 30% H 2 O 2 and kept in dark at room temperature (30 ± 5°C) for 24 h. Thermal degradation was carried out on solid EPI in amber color vials at 50°C for 30 days. For photolytic degradation, 2 mL of 0.1% (w/v) solution of EPI in acetonitrile was mixed with 3 mL of each stressor separately (i.e., 0.1 M HCl, 0.1 M NaOH and water) in transparent glass vials. These vials as well as the solid drug, spread as thin layer in a petri-dish, were exposed to the light in the photostability chamber. The samples were placed at a distance of 9″ from the light source for 14 days during which the total UV and white light exposure equaled ∼200 Wh/m 2 and 1.2 million lux h, respectively. A parallel set of solid drug and drug solutions was kept in dark under similar conditions for the same period of time to serve as dark control. Each degraded sample was refrigerated till analysis.
HPLC method and sample preparation
Acid hydrolyzed and oxidative degradation products of EPI were resolved on a C8 (150 mm × 4.6 mm, 5 µm, Agilent) column at ambient temperature (27 ± 2°C). All degradation products were resolved through isocratic elution with mobile phase composed of ammonium formate (10 mM, pH 3.0), acetonitrile and methanol (70:20:10, v/v/v) at a flow rate of 1 mL/min. The eluent was detected at 234 nm and injection volume was fixed at 20 µL. Each degraded drug solution was diluted up to 10 times with mobile phase and filtered through nylon membrane (0.45 µm) before HPLC analysis. The acid and alkali hydrolyzed solutions were neutralized before dilution. The solid drug samples exposed to thermal and photolytic conditions were rendered into solutions (1 mg/mL) in methanol and were analyzed after dilution using the same chromatographic conditions. The purity of peaks of EPI and all its degradation products resolved in LC-UV chromatograms were established through LC-PDA analysis.
+ESI-MS n and LC-MS-TOF studies
Six stage mass fragmentation spectra (MS 6 ) of EPI were recorded in +ESI mode using appropriately chosen precursor ions and ionization potentials ( same operating conditions were employed for recording LC-MS-TOF scans of EPI and degradation products at the ionization potentials of 10 and 15 V. All MS 6 recordings and LC-MS-TOF scans were recorded in the range of m/z 50-1000. The m/z values of various ion peaks in TOF spectra were recorded up to four decimal precision for accurate mass measurements.
Results
Forced degradation
EPI was detected as a sharp peak at 20.11 min, and no impurity was noted in LC-UV chromatogram of its standard solution ( Figure 2A ). It degraded to single product (A-I) in 0.1 M HCl at 80°C after 8 h (Figure 2B ), and to four products (O-I-O-IV) under oxidative stress over 24 h ( Figure 2C ). LC-PDA studies of acid hydrolyzed and oxidized drug solutions showed that purity angles of the peaks due to EPI and the degradation products (O-I-O-IV and A-I) were less than their purity threshold (Table I) . It indicated that all peaks were pure and no other products co-eluted with these peaks. No degradation was noted under hydrolytic degradation in water at 80°C for 8 h. However, the drug was extensively degraded, when it was exposed to 0.1 M NaOH at 80°C for 8 h ( Figure 2D ). It completely degraded to several degradation products, even in mild alkaline medium (0.01 M NaOH) at 40°C ( Figure 2E ) as well as at room temperature within 30 min. All alkali degradation products were eluted as a complex bunch of peaks within 10-15 min. Numerous variations in chromatographic conditions such as composition of mobile phase, pH of buffer and stationary phase were attempted to resolve the degradation products, but no method yielded the desirable resolution. Four LC-UV chromatograms showing the maximum possible resolution of alkali degradation products are given in Supplementary Material, Figure 1 . The drug remained stable under thermal stress for 30 days. Comparison of LC-UV chromatograms of EPI exposed to light ( Figure 2F and H) with those of the drug stored in dark (Figure 2G and I) in acidic and alkaline media revealed that no peak was formed due to photodegradation. Furthermore, no additional photodegradation product was formed when solid drug was exposed to the photolytic conditions ( Figure 2J ).
Characterization of degradation products
Based on MS 6 spectra of EPI (Figure 3 ), its mass fragmentation pattern was outlined in Figure 4 . Various product ions formed from parent ion of EPI and different precursor ions in all six stages are summarized in Table II . EPI and degraded drug solutions were also analyzed through LC-MS-TOF to generate accurate mass spectral data ( Figure 5 ), using similar instrumental parameters and conditions in order to facilitate the characterization of degradation products. The four oxidative products (O-I-O-IV) and the single acid hydrolyzed product (A-I) detected in LC-UV chromatograms were also detected in total ion chromatogram (TIC). The most probable molecular formulae and tolerance with respect to the theoretical mass of these formulae, as calculated by using Elemental Composition Calculator software, are given (Figures 4 and 6) . Incidentally, A-I has been found to be a pharmacopoeial impurity. The pathways for degradation of EPI to different products are outlined in Figure 7 .
Discussion
Forced degradation behavior
A few forced degradation studies to develop stability-indicating assay methods for the quantification of EPI or to study degradation kinetics are reported in the literature (13) (14) (15) (16) (17) (18) (19) (20) . But, none of these reports have attempted to characterize the degradation products formed during the studies. Hence, we have carried out a systematic forced degradation study on EPI to characterize its degradation products. EPI was unstable under acidic and alkaline hydrolytic and oxidative conditions. These results were in consonant with the findings in reported studies (13, 15, 16, 19, 20) . However, contrary to the reports by Sreedevi et al. (15) and Kurbanoglu et al. (16) , EPI was found stable to thermal degradation in this study. This conflicting behavior might be attributed to the difference in temperature employed for thermal stress. While we have carried out the study at ICH prescribed dry temperature of 50°C , the known report have revealed the conduct of thermal stress study at 100-105°C for the same period of time. Further, in this study appearance of no additional products in photo-degraded drug solutions vis-a-vis in hydrolytically degraded drug solutions indicated that the degradation pattern of EPI under photolytic conditions in acidic and alkaline media was similar to that under hydrolytic conditions, and hence the drug is suggested to be photostable. These results were in contrast to those reported by Sreedevi et (16) . However, a critical comparison of LC-UV chromatograms of drug degraded under hydrolytic (acidic and alkaline), oxidative and photolytic conditions in both of these reports revealed that the two major peaks and a single major peak projected as photodegradants by Sreedevi et al. and Kurbanoglu et al., respectively, are also formed in hydrolytic as well as oxidative media (15, 16) . It indicated that these products were formed by hydrolytic but not due to photolysis. Further, one of the two trace level peaks reported by Sreedevi et al. also appeared in the hydrolytically degraded sample (15). Wood et al. have conducted a comprehensive photodegradation study on EPI at different pH and in different containers (13) . They found that (i) EPI degraded due to cleavage of glycosidic linkage in different media under photolytic conditions; (ii) both glass and polyethylene container adsorbs EPI, which is also known from other reports (17, 18) and (iii) the rate of degradation was inversely proportional to the drug concentrations. The degradation in 100 µg/mL solutions of EPI was just 10% but in 10 µg/mL solute ion, it was more than 60% after 168 h exposure to visible light. In contrast to these findings, first, there is no documented proof of photolytic cleavage of glycosidic linkage though it is well known to cleave under hydrolytic conditions. Second, adsorption of EPI on the sample container may be responsible for a major decrease in content of the drug in the degraded solution and this decrease due to adoption might be termed as degradation. Lastly, the rate of degradation definitely depends upon the drug concentration. In our study, the drug concentration in all degradation studies was fixed at 1,000 µg/mL, which according to Wood et al. degrade at the least rate. Based on the critical analysis of known reports and our results, it was suggested that no degradation product of EPI was formed exclusively due to exposure to light. However, in general, as light exposure tends to accelerate most of the chemical reactions, the drug 346 (100%), 333 Figure 5 . LC-MS-TOF spectra of EPI and its degradation products. The "*" and "**" represent the parent and [M + Na] + ion peaks, respectively.
may be recommended for storage in containers affording protection from light.
Mass fragmentation pattern of EPI
Some mass spectrometric studies on EPI using different ionization modes (+ESI, APC, CID and CI) are reported in the literature (24) (25) (26) (27) , but no study has discussed its systematic mass fragmentation pattern. Hence, in this study, we have outlined its systematic mass fragmentation pattern that also assisted in characterization of degradation products. EPI was detected as parent ion (M 1 ) at m/z 544 in MS 1 ( Figure 3A) corresponding to its molecular mass of 543 Da.
Fragmentation of M 1 in MS 2 produced fragments of m/z 526, 508, 500, 415, 397, 379 and 361 ( Figure 3B ). The heaviest fragment of m/z 526 (M 2 ) was possible to form by the loss of the tertiary alcohol as water whereas product ions m/z 500 and 415 were proposed to form by the loss of an acetaldehyde molecule and amino sugar moiety, respectively, from M 1 . M 2 was targeted to record MS 3 wherein it fragmented to m/z 508 (M 3a ), 490, 464, 397 (M 3b ), 379 and 361 ( Figure 3C ). The product ions M 3a and M 3b were proposed to form by the loss of a water molecule from the hydroxymethyl carbonyl group and amino sugar moiety, respectively, in M 2 ( Figure 4 ). Fragmentation of M 3a generated product ions of m/z 490 (M 4a ), 464, 434 and 379 in MS 4a spectrum ( Figure 3D ) whereas that of M 3b Figure 3F ). These were possible to form through loss of specific molecules as shown in the proposed mass fragmentation pattern (Figure 4) . Subsequently, M 4a fragmented to product ions of m/z 472, 462 and 446 (MS 5a spectrum, Figure 3E ), which were possible to form by the loss of a H 2 O, a CO and a CH 3 CHO molecule, respectively (Figure 4) . The heaviest fragment in MS 4b i.e., M 4b was employed to record MS 5b spectrum ( Figure 3G ), wherein it fragmented to single product ion of m/z 361 (M 5 ) due to the loss of a water molecule. Finally, M 5 was targeted to record MS 6 spectrum, in which two product ions of m/z 346 and 333 were formed ( Figure 3H ). The m/z 333 was characterized as the tropylium ion formed by the loss of a CO moiety from M 5 similarly as reported in the literature for doxorubicin (20) whereas m/z 346 was proposed to form by the loss of a methyl radical. The TOF spectrum of EPI ( Figure 5A ) showed a parent ion at m/z 544.1710 along with product ions at m/z 526.1615, 415.1008 and 397.0844. These masses were found very close to the accurate theoretical masses of the structures proposed for the product ion of m/z 526, 415 and 397 formed in MS 2 and MS 3 spectra (Figure 4) , which supported the proposed structural assignment to these ions.
Characterization of degradation products
Product O-IV It was detected as a major peak at m/z 484.1559 along with a minor peak at m/z 506.1371 ( Figure 5B ). Based on the mass difference of 21.9812 Da between the two, these were assigned as the parent ion (M IV ) and Na + adduct ion peaks, respectively, of O-IV. An even molecular mass of M IV suggested an odd number of nitrogen atoms in the molecule (28) . Hence, the single nitrogen atom in aminosugar (X) component of the EPI was considered to be intact in O-IV. The mass difference of 60.0260 Da between M 1 (the parent ion of EPI) and M IV was found to correspond to the molecular formula C 2 H 4 O 2 (60.0231) (29) , which matched very closely with that of the -COCH 2 OH group on ring D of EPI. These findings suggested that O-IV might be formed by the loss of -COCH 2 OH group through Baeyer Villiger oxidation in the presence of H 2 O 2 . Based on this proposition, O-IV was suggested to be 8-des(2-hydroxyacetyl) epirubicin, which can exist in two forms due to keto-enol tautomerism similarly as 8-desacetylidarubicin is reported to exist (16) . The TOF spectrum of O-IV showed product ions at m/z 355.0768, 337.0666 and 309.0733, which were proposed to form from M IV as shown in Figure 6 Product O-III The heaviest and major peak at m/z 518.1565 in its LC-MS-TOF spectrum ( Figure 5C ) was assigned as its parent ion (M III ) peak. An even molecular mass of M III corresponded to an odd number of nitrogen atoms (28) . Hence, the single nitrogen atom present in X component of the EPI was suggested to be intact in O-III, similarly as in O-IV. The heaviest fragment ion peak noted at m/z 500.1495 (18.0007 Da less than M III ) was possible to form by the loss of a water molecule. The other fragment peaks noted at m/z 484.1507, 355.0735 and 337.0640 were also detected similarly in MS-TOF spectrum of O-IV. It indicated that O-III might be a derivative of O-IV itself. The mass difference between M III and m/z 484.1507 was found to be 34.0058 Da, which corresponded to a H 2 O 2 molecule (34.0055 Da) (29) . Based on these observations, it was suggested that O-III was formed by the addition of hydrogen peroxide to O-IV across the ketone group generated on ring D in the keto form of O-IV. This proposition was supported by an earlier study, where a similar hydroperoxide degradation product was characterized to form from idarubicin (22) . Hence, O-III was proposed to be 8-des which indicated these products to be structurally different. The LC-MS-TOF spectra of both the products displayed the similar fragment ions ( Figure 5D and E (Figure 2 ), the O-I might be more polar than O-II. This co-relation between polarity and elution order was supported by the observation that the elution order of O-III, O-IV and EPI was in concordance with their lipophilicity, determined through Clog P (Table I) . As the possible ortho hydroxyl derivative of O-III was predicted to be more polar than the para isomer (Table I) , the O-I was proposed to be ortho isomer (o-anisole derivative) whereas O-II as para isomer (p-anisol derivative), which undergoes mass fragmentation in agreement with their mass spectral data ( Figure 6 ). Hence, O-I and O-II were suggested to be 2-hydroxy-8-desacetylepirubicin-8-hydroperoxide and 4-hydroxy-8-desacetylepirubicin-8-hydroperoxide, respectively.
Product A-I Based on the mass difference of 21.9806 Da between the major peak at m/z 415.1008 and the heaviest ion peak at m/z 437.0814 (Figure 5F ), m/z 415.1008 and 437.0814 were assigned as the parent ion (M A ) and Na + adduct ion peaks, respectively for A-I. An odd molecular mass of M A indicated an even number of nitrogen atoms or no nitrogen atom in A-I (28). M A was also noted as a product ion in the MS 2 spectrum wherein it was proposed to form by the loss of X moiety from EPI. Based on this similarity and the nitrogen rule, A-I was proposed to be deglucosaminylepirubicin formed by the loss of X due to cleavage of glycosidic linkage between the tetracycline ring and the glucosamine moiety. The proposed structure of A-I undergoes mass fragmentation to product ions at m/z 397.0902, 379.0790, 361.0685 ( Figure 4 ) in agreement with its LC-MS-TOF spectrum ( Figure 5F ).
Drug degradation mechanisms and pathways
Degradation of EPI to A-I under acid hydrolytic conditions was possible through well-known acid-catalyzed cleavage of glycosidic linkage similarly as reported for doxorubicin (20) and idarubicin (22) . Degradation of EPI to O-IV was proposed to occur through Baeyer Villiger oxidative deacetylation. O-III was possible to form from O-IV by subsequent addition of H 2 O 2 (30, 31) . This proposition was supported by the mechanisms explaining the degradation of idarubicin to similar products i.e., desacetylidarubicin and desacetylidarubicin hydroperoxide (22) . The products O-I and O-II were proposed to form by peroxide-assisted hydroxylation in ring A of EPI. This proposition was supported by the reports that have disclosed and discussed the formation of alkoxy and aryloxy substituted phenols from the corresponding alkoxy and aryloxy benzene (31) (32) (33) (34) . However, comparisons of this study with the reported degradation behavior of idarubicin (22) revealed that such hydroxylated products were not formed from idarubicin. This difference in degradation behavior of EPI and idarubicin was attributed to the presence of the methoxy group in ring A in EPI, which is a moderate activating group and directs substitution at the ortho and para position (35) .
Conclusion
Forced degradation studies on EPI were conducted under the ICH prescribed conditions. The drug was found extremely unstable in alkaline medium, susceptible to oxidation and acidic hydrolysis whereas stable to thermal and photolytic stress conditions. A LC-UV method was developed for separation of oxidative and hydrolytic degradation products. Numerous products were formed in alkaline medium, which were not resolved even after exhaustive trials of chromatographic separation methods. MS n and LC-MS-TOF studies were carried out to characterize the major degradation products. Four new oxidative degradation products (O-I-O-IV) were characterized as 2-hydroxy-8-desacetylepirubicin-8-hydroperoxide, 4-hydroxy-8-desacetylepirubicin-8-hydroperoxide, 8-desacetylepirubicin-8-hydroperoxide and 8-desacetylepirubicin, respectively. The single acid degraded product (A-I) was characterized as deglucosaminylepirubicin, which is a pharmacopoeial impurity. The most plausible mechanisms and pathways of degradation of EPI to the characterized products were outlined and discussed.
Supplementary Material
Supplementary materials are available at Journal of Chromatographic Science (http://chromsci.oxfordjournals.org).
